Three experiments were conducted to determine whether concentrations of minerals in hair and other tissues of rats and goats are affected by level of dietary Zn or Cd. In the first experiment, rats were fed diets that contained 10.3, 20.5, 33.7, 41.3 or 52.9/~g Zn/g for 57 d. Rats fed the diet that contained 10.3 /~g Zn/g suffered from mild Zn deficiency, as indicated by depressed feed intakes and slower growth rates than rats fed diets containing higher amounts of Zn. Zinc concentrations in hair (P<.01), liver (P<.01) and kidney (P<.01) increased as dietary Zn increased. Confidence intervals for dietary Zn concentration predicted from Zn analysis of hair were large. In the second experiment, rats were fed diets that contained .1, 4.0, 7.6, 10.1 or 15.9 gg Cd/g for 57 d. Total growth, feed intake, feed efficiency and liver, kidney and testes weights were not affected (P>.05) by dietary Cd concentration. Cadmium increased linearly in liver (P<.01) and kidney (P<.01) and quadraticly in testes (P<.01) as Cd intake increased, but Cd in hair was not affected by dietary level of Cd. High correlations between Cd concentrations in liver (R 2 = .88) and kidney (R 2 = .90) and dietary Cd concentration indicate that Cd intakes of rats may be accurately predicted from Cd analyses of these tissues. In the third experiment, goats were fed diets containing 0, 10.4, 18.0 or 28.5 gg Cd/g for 125 d. Growth, feed intake, feed efficiency and liver and kidney weights were not affected by dietary Cd intake. Cadmium in hair samples was not affected by level of dietary Cd; however, cadmium in liver (P<.01), kidney (P<.01) and proximal duodenum (P<.01) increased as dietary Cd increased. Cadmium in liver, kidney, lungs and ~roximal duodenum was highly correlated (R" = .67, .89, .57, .49, respectively) with dietary Cd concentration.
Introduction
Levels of some trace elements in hair may be correlated with dietary intake or mineral status of animals (Combs et al., 1982) . Strain et al. (1966) and Reinhold et al. (1968) indicated that individuals deficient in Zn have hair that contains less Zn than those who have received adequate Zn. Controversy exists, however, as to whether dietary Zn intake or Zn status of an individual can be adequately predicted from the analysis of Zn in hair (Strain et al., 1966; Reinhold et al., 1968) . Analysis of hair is becoming increasingly popular for the evaluation of systemic intoxication by trace elements. Positive correlations between Pb concentrations in hair and Pb poisoning have been established (Kopito et al., 1967) . Hammer et al. (1972) and Dorn et al. (1974) suggested that Cd content of hair may be related to environmental exposure to Cd. Doyle et al. (1974) , however, reported that the level of Cd in wool was not related to dietary-Cd intake. The objectives of the experiments reported herein were to study changes in mineral concentrations of hair and other tissues of rats and goats as dietary Zn and Cd concentrations were altered and to determine the efficacy of predicting dietary Zn and Cd intakes from analyses of Zn and Cd in hair. 33.7, 41.8 or 52.9 /~g Zn/g. Zinc oxide was added to the diet 4 that contained 10.3/~g Zn/g to obtain the higher levels. Each rat was fed its respective diet and distilled water ad libitum for the duration of the 57-d trial. On the fifth day of the trial, hair from the dorsal surface of each rat was shaved and discarded. At the termination of the experiment, the rats were weighed and hair samples were taken from the area previously clipped. The rats were lightly anesthetized with ether and decapitated. Kidneys, testes and liver were removed, weighed and frozen until they were prepared for mineral analyses.
Experimental Procedure
Tissue and feed samples were dried at 100 C for 24 h to establish dry weight. Hair samples were washed for 20 rain in a 2% ionic detergent s solution, rinsed five times with distilled water and oven dried at 100 C before ashing at 550 C for 24 h. Tissue, hair and feed samples were prepared for mineral analyses by modification of the low temperature dry ashing procedure of Menden et al. (1977) . Approximately .5 g of dried, ground tissue was weighed into tared, acid-rinsed fused quartz crucibles and redried at 100 C. Each sample was treated with 1 ml of ashing aid (.25 g K2SO4 in 1 ml HNO3) and 3 ml of concentrated HNO3 and allowed to equilibrate for 12 h. The sample-acid-ashing aid mixture was evaporated and ashed at 400 C for 24 h. The ash was dissolved in 3 ml of concentrated HNO3 and the acid was removed by evaporation. The residue was re-ashed at 400 C for 2 to 4 h. Five milliliters of 2 N He1 were added to each crucible and this solution was analyzed for P, K, Ca, Mg, Fe, Zn, Cu and Cd using inductively coupled plasma (ICP) emission spectrometry. Hair samples were prepared in a similar manner, except that each sample was washed for 20 rain in a 2% solution of ionic detergent s , rinsed five times with distilled water and oven dried at 100 C before the ashing procedure.
This procedure was used to prepare bovine liver tissue obtained from the National Bureau of Standards. The liver standard contained 130 -+ 10/~g Zn/g and .27 + .04/~g Cd/g as analyzed by the National Bureau of Standards. Results 4 Zinc test diet. United States Biochemical Corp., Cleveland, OH.
S FL-70 Detergent, Fischer Scientific Co., Pittsburgh, PA. of analyses using the above procedure indicated that the bovine liver standard contained 137 + 3/gg Zn/g and .29 -+ .06 ~tg Cd/g. Trial 2. Twenty-five male Sprague-Dawley rats with an average initial weight of 98 g were randomly assigned to individual stainless steel cages and fed diets that contained .1, 4.0, 7.6, 10.1 or 15.9 /gg Cd/g. The diet fed was the Zn test diet used in trial 1 supplemented with 20 /gg Zn/g. Cadmium was added as CdC12.
Hair was shaved from the dorsal surface of each rat on the fifth day of the trial and discarded. At the termination of the 57-d experiment, each rat was weighed, anesthetized with ether, shaved and decapitated as described in trial 1. Liver, kidneys and testes were removed, weighed and frozen until preparation for mineral analyses as described for trial 1.
Trial 3. Sixteen goats with an average initial weight of 21.2 kg were divided into eight groups of two goats, with one castrate male and one female per group. Treatments consisted of diets containing 0, 10.4, 18.0 and 28.5/ag Cd/g. The basal diet consisted of 51% dehydrated alfalfa pellets (IFN 1-00-023) and 49% grain mix. The grain mix was 77% ground corn grain (1FN 4-02-931), 17.4% soybean meal (IFN 5-04-604), 2.6% urea (IFN 5-05-070), 1% sodium chloride (IFN 6-04-153) and 2% ground limestone . The diets and fresh water were provided once daily ad libitum. Hair from the rib cage of the left side of each goat was shaved on d 6 and discarded. Hair from the same location was collected on d 56 and at the termination of the trial. One hundred twentyfive days after the trial was begun, the goats were killed by injection of potassium pentabarbitol and liver, kidneys, muscle, mesenteric fat, proximal duodenum and a portion of the lower lobe of the lung were removed, weighed and frozen until analyzed for mineral content as described for trial 1.
Results and Discussion
Trial 1. Performance of rats fed diets that contained 10.3, 20.5, 33.7, 41 .3 or 52.9 gg Zn/g is presented in table 1. The diet containing 10.3 /lg Zn/g was not adequate to meet Zn requirements of the rats, because rats fed this diet gained less (P<.01), consumed less feed (P<.05) and were less efficient (P<.05) than rats fed diets containing 20.5, 33.7, 41.3 or 52.9/gg Zn/g (table 1). The deficiency appeared to be mild because skin lesions and dermatitis, which have been reported as symptoms of severe Zn deficiency (Forbes and Yohe, 1960; Reinhold et al., 1967) were not noted. The NRC (1972) lists Zn requirements of rats as 12 #g/g of diet.
Level of Zn in the diet did not significantly affect dry weight of liver, kidney or testes (table 1) . Severe Zn deficiency in humans and cattle is often marked by hypogonadism (Miller and Miller, 1962; Strain et al., 1966) . Prasad et al. (1963) reported that Egyptian youths with severe Zn deficiency suffered from enlarged livers, in addition to arrested growth and anemia.
Mineral concentrations in hair, liver, kidney and testes in response to increasing levels of dietary Zn are summarized in table 2. Zinc contents of hair (P<.01), liver (P<.01) and kidney (P<.01) increased linearly as level of dietary Zn increased. Reinhold et al. (1967) reported that Zn concentrations were lower in hair of rats fed diets containing 1.8 to 4.3 /ag Zn/g than those in hair of rats fed diets supplemented vCith 20 or 30 /ag Zn/g. Deeming and Weber (1977) reported that Zn concentration in hair of rats increased gradually as dietary Zn increased from 6 to 33/ag Zn/g.
Regressions of Zn contents of hair, liver, kidney or testieular tissue on dietary'level of Zn are summarized in table 3. Dietary Zn accounted for 28% of the variation in Zn content of hair. The linear regression of Zn concentration in hair on dietary Zn level indicated that for each additional unit of Zn in the diet, the concentration of Zn in hair increased .99 units. Correlations between dietary Zn and Zn concentrations in liver, kidney and testes were low (R 2 values of .29, .43 and .07, respectively). Confidence intervals of predicted dietary Zn intake based on concentration of Zn in hair are shown in table 4. It was assumed in these calculations that the average value of Zn in the hair of rats was 237 #g/g, because this was the average value found in trial 1. Because of the low correlation between dietary Zn and the level of Zn in hair, confidence intervals based on this regression are large, indicating that it is essential to sample large portions of large groups of animals if dietary Zn concentrations are to be precisely predicted from hair analyses.
Whether findings from this research can be extrapolated to hair analyses of other species, such as cattle, is questionable because of many factors such as age, sex and breed that were controlled in this experiment. If a similar correlation between dietary Zn level and Zn concentration in hair of cattle was found, the values in table 4 suggest that only large herds of cattle, from which nearly all animals were sampied, could be used to predict' accurately the average dietary Zn intake of the group. In most situations, such a herd of cattle would not exist. Data in table 4 indicate that it is not Data reported here and those of Burch et al. (1973) indicate that Mg concentrations in tissues increase as dietary Zn is increased. Moses and Parker (1964) and Prasad et al. (1969) , however, reported that Mg concentrations in tissues of rats and pigs, respectively, were not greatly influenced by dietary Zn. Data reported here and those of Moses and Parker (1964) support the conclusion that Fe accumulates in the liver of rats at low dietary Zn concentrations. Reinhold et al. (1967) , however, Sell (1974) reported that at least 15 /ag Cd/g diet is required to cause measurable toxicity in short term experiments. Wilson and DeEds (1950) observed only a slight reduction in growth of rats fed 62 /~g Cd/g diet, but death in rats fed 500/~g Cd/g diet in a short term experiment.
Concentration of Cd in the diet had no ef- Clf the mean concentration of Zn in hair of a 10% subsample of a population of 10 rats was 237 #g Zn/g, the predicted dietary Zn concentration would be 31.7 -+ 149.8 #g Zn/g. All values based on the regression Y = .99X + 205.9 where Y equals Zn concentration in hair and X equals dietary Zn concentrations. (Doyle et al., 1974; Sell, 1974) . Although concentrations of Cd were greater in kidneys than livers, total amount of Cd was greater in livers (0, 3.16, 6.46, 11.33 and 15 .28 /~g Cd, respectively) than in kidneys (.07, 2.14, 4.59, 6.77 and 8.02/~g Cd, respectively).
Regression of tissue Cd levels (Y, /.tg/g dry matter) on dietary Cd (~g/g dry matter) were: hair (Y = .004X + .24; R 2 = .05), liver (Y = .56X --.18; R 2 = .88) and kidney (Y = 1.64X + .42; R 2 = .90). Approximately 90% of the variation in Cd contents of kidney and liver were accounted for by level of Cd in the diet. Cadmium in liver and kidney increased .56 and 1.64 /2g/g, respectively, for each additional/lg Cd/g diet. Thus, Cd concentrations in either kidney or liver tissue of rats may be used to predict Cd concentrations in the diet. In (399 /ag/g). Doyle and Pfander (1975) reported that concentrations of Fe in livers of lambs decreased as dietary Cd increased from 0 to 60 /2g/g. The same trend was also reported to occur in rats by Bunn and Matrone (1966) and in chicks by Hill et al. (1963) .
Phosphorus (P<.01), Ca (P<.05) and Zn (P<.01) concentrations in kidneys increased as dietary Cd increased (table 6). The major storage site of these elements is bone. Kobayashi (1971) reported that excess dietary Cd caused decalcification of bone in rats. Although bone samples were not collected in the experiment reported here, data of Kobayashi (1971) suggests that the accumulation of Ca, P and Zn in kidneys was due to mobilization of these elements from bone.
Concentrations of P and Cu in testes of rats decreased (P<.01) with increasing levels of dietary Cd (table 6) . Gunn et al. (1963) and Doyle and Pfander (1975) reported that Cd acts to decrease blood supply to the testes. This may account for the depression in P and Cu concentrations in the testes of rats fed increasing amounts of dietary Cd.
Trial 3. Performance data of goats fed diets with 0, 10.4, 18.0 or 28.5 ~tg Cd/g diet are shown in table 8. Daily gains of the 16 goats averaged 50 g and were not affected by level of dietary Cd. Supplementing the diet with up to 28.5 /ag Cd/g did not affect feed intake or feed efficiency. Powell et al. (1964) found no difference in daily feed consumption of calves fed a diet that contained 40/ag/g Cd compared with calves fed a control diet, but Doyle et al. (1974) reported that sheep fed diets containing 15, 30 or 60/.tg/g Cd consumed less feed than sheep fed diets with 5 /~g/g Cd. The difference between data reported here and those of Doyle et al. (1974) may be due to species of animals used in the two experiments. Absorption of dietary Cd from the gastrointestinal tract is low Friberg et al., 1971; Millet, 1973; Neathery et al., 1974) and apparently varies among species. Miller et al. (1969) reported that growing goats retained only .3 to .4% of a radioactive dose of Cd and Neathery et al. (1974) reported that lactating dairy cows retained .75% of an oral dose of Cd. Sheep apparently absorb more dietary Cd than goats, but less than dairy cows (Doyle et al., 1974) .
Dietary Cd level did not affect (P>.05) liver or kidney weights (table 8) or level of Cd in hair of goats (table 9) . Thus, hair should not be used as a predictor of dietary Cd intake in goats. Cadmium concentrations in goat hair reported in this experiment are higher than values for calf hair reported by Powell et al. (1964) , but are in general agreement with Cd concentrations in human hair (Friberg et at., 1971) and in sheep wool (Doyle et al., 1974) .
Concentrations of Cd in liver and kidney in- Clf the mean concentration of Cd in kidneys of a 10% subsample of a population of 10 rats was 12.8 #g/g, the predicted dietary Cd concentration would he 9.4 +-7.57 gg Cd/g. All values based on regression Y = 1.64X + .42, where Y equals Cd concentration of kidney and X equals dietary Cd concentration.
creased (P<.01) with increasing dietary Cd (table 9). As in trial 2, increases in Cd concentrations in liver and kidney were linear when tested by orthogonal contrasts. Other researchers (Cousins et al., 1973; Doyle et al., 1974) observed that Cd concentrations in liver and kidney of several species increased with increasing levels of dietary Cd.
Concentrations of Cd in lungs increased (P<.01) with increasing dietary Cd. Each increase of 10 /~g Cd/g diet resulted in approximately a doubling of Cd concentration in the lung. Doyle and Pfander (1975) found similar results in sheep fed various levels of dietary Cd for 191 d and Cousins et al. (1973) reported a similar trend in swine. Although histological studies were not conducted on tissues to determine damage due to Cd, lungs of some of the goats fed diets with 18.0 or 25.5 #g Cd/g had small areas of easily observable hemorrhage. Similar findings were reported by Powell et al. (1979) in rats injected with CdC12. Cadmium in tissue from the proximal duodenum of the goats increased linearly (P<.01) with increasing dietary Cd (table 9). reported that level of Cd in the duodenum of goats given a single oral dose of Cd was also higher than that in control animals. Doyle and Pfander (1975) reported that abomasal and ileal tissue of lambs fed supplemental Cd had higher concentrations of Cd than those of control lambs.
Levels of Cd in muscle and fat of the goats were low at all levels of dietary Cd and near the detection limit of the ICP emission spectrometer (table 9 ). It appears that muscle and fat tissue of goats are protected from accumulation of ingested Cd. Others have made similar observations in goats, dairy cattle and sheep Neathery et al., 1974; Doyle et al., 1974) .
Regressions of tissue Cd levels (Y,//g/g dry matter) on dietary Cd (/zg/g dry matter) were: liver (Y -,46X + 2.15; R 2 = .67); kidney (Y = 2.59X + 2.52; R 2 = .89); lung (Y = .016X + .007; R 2 = .57) and intestine (Y = .30X + .33; R 2 = .49). Eighty-nine percent of the variation in Cd content of kidneys was due to Cd concentration in the diet. Thus, it appears that kidney Cd content is a good indicator of exposure of goats to dietary Cd. This is consistent with conclusions of trial 2 and with observations of others Friberg et al., 1971) .
Relatively low levels of dietary Cd reduced Cu storage in liver and increased Zn storage in kidneys of goats (table 9). Mills and Dalgarno (1972) and Doyle and Pfander (1975) found concentrations of Cu in livers of sheep fed low levels of Cd to be lower than Cu concentrations in livers of control animals. Bunn and Matrone (1966) and Anke et al. (1970) 
